Coding regions of a cDNA for precursor and mature chorismate synthase (CS), a plastidic enzyme, from Corydalis sempervirens were expressed in Escherichia coli as translational fusions to glutathione-S-transferase. Fusion proteins were purified, and precursor and mature forms of CS were then released by proteolytic cleavage with factor Xa. Although mature CS was enzymatically active afier release, activity could be detected neither for the precursor CS nor for corresponding glutathione-S-transferase fusion proteins. I n contrast, two other shikimate pathway enzymes (shikimate kinase and 5-enol-pyruvylshikimate-3-phosphate synthase) have previously been shown to be as enzymatically active as their respective higher molecular weight precursors. By expression of unfused, mature CS from C. sempervirens in E. coli, it was possible to obtain large quantities of enzymatically active CS protein compared to yields from plant cell cultures. Expression levels i n E. coli approached 1% of total soluble protein. No differences were found between authentic CS isolated from cell cultures and CS expressed in and purified from E. coli, which made possible a more detailed biochemical characterization of CS. Quaternary structure analysis of the purified mature CS indicated that the enzyme exists as a dimer, i n contrast to the active tetrameric structures determined for E. coli and Neurospora crassa enzymes.
CS catalyzes the unusual trans 1,4-elimination of orthophosphate from EPSP to form chorismate, the last common intermediate in the synthesis of the aromatic amino acids Phe, Tyr, and Trp. CSs from a11 sources studied, including the higher plant Corydalis sempervirens, have an absolute requirement for reduced flavin. The actual role of flavin is not immediately obvious, since no net redox change occurs. Recently, however, it has been shown with the Escherichia coli CS that the flavin undergoes a change during catalysis that is observable spectrophotometrically and possibly involves a C(4a)-flavin adduct/charge transfer intermediate, indicating direct involvement of flavin in the reaction mechanism (Ramjee et al., 1991 (Ramjee et al., , 1992 .
After the initial demonstration of CS activity in a cell-free extract from a higher plant (Mousdale and Coggins, 1986) , plant CS was first purified to homogeneity from a C. sempervirens cell culture (Schaller et al., 1990) . The protein is monofunctional, lacking the ability to generate reduced flavin with NADPH by an intrinsic "diaphorase" activity (Schaller et al., 1990) . A cDNA encoding CS was cloned This work was supported by a grant from the Swiss National * Corresponding author; e-mail amrheinn8ezinfo.vmsmail.ethz. from C. sempervirens. The deduced amino acid sequence revealed that the cDNA encodes a precursor polypeptide with an N-terminal plastid transit peptide domain (Schaller et al., 1991a) .
In higher plants, aromatic amino acid biosynthetic enzymes including CS activity have been localized to plastids Coggins, 1985, 1986) . However, cytosolic activities for at least two steps of the pathway, 3-deoxy-~-arabino-heptulosonate-7-phosphate synthase and chorismate mutase, have been detected (Hrazdina and Jensen, 1992) . Although unlikely, it cannot be excluded that a cytosolic pathway may be constituted of enzymatically active precursor polypeptides. The precursors of two enzymes of the pathway, shikimate kinase and EPSP synthase, have already been shown to be active (Della-Cioppa et al., 1986; Schmid et al., 1992) . Whether or not this is a general phenomenon characteristic of a11 pathway enzymes could argue for or against such a proposal. To address this question, sequences encoding the precursor and mature CS proteins of C. sempervirens were expressed in E. coli as translational fusions to GST. Digestion of the purified fusion proteins with factor Xa released intact precursor and mature polypeptides, which could be assayed for CS activity.
To approach the study of the CS reaction mechanism and the physiological and mechanistic role of flavin with respect to CS activity, a plentiful source of the mature CS enzyme is required. Purification of native CS from cell cultures is quite time consuming and is limited by the amount of material one is able to process.'To use E. coli as a heterologous system, however, yields, ease of purification, and faithfulness of the product to the native CS had to be evaluated. Presented here is a method for the production of comparatively large quantities of plant CS in E. coli. Comparison of the heterologously expressed protein to native CS and initial biochemical characterization are also shown.
Plant Physiol. Vol. 108, 1995 terminal-specifying primers. Fragments corresponding to the matCS and preCS were introduced downstream from the start ATG of pTrc99a or of the GST structural gene from pGEX3X as translational fusions (Pharmacia). Standard molecular biological techniques were used (Ausubel et al., 1992) .
Complementation
Escherichia coli strain AB2849 containing the lacl repressor plasmid pRep4 (Diagen, Hilden, Germany) transformed with each construct were streaked out on either Luria broth or M9 minimal medium (Ausubel et al., 1992) containing 0.2% mannitol. Both media were supplemented with 100 mg/L ampicillin and 25 mg/L kanamycin. Growth was evaluated after incubation at 30°C for 3 d.
Protein Purification
E. coli strain JM109 containing the expression construct pTrc99a-matCS was grown at 25°C in Luria broth containing 100 mg/L ampicillin on a rotary shaker (200 rpm) until reaching A,,, = 1. IPTG was added to 0.1 mM and the incubation was continued for an additional3 h. Cells were harvested by centrifugation and frozen at -20°C until later purification. Cells were broken by sonication in the presente of 10 pg/mL lysozyme in buffer A (50 mM Tris-HC1, pH 7.5, 1 mM EDTA) containing 1 mM DTT and 1 mM PMSF. After centrifugation the supernatant was used as crude extract. Further purification of CS was as described for Corydalis sempervirens suspension cells (Schaller et al., 1990) except that the hydroxyapatite and blue agarose chromatography steps were omitted. After dialysis against 1 x 2 L of buffer A, a final purification step using a Mono-Q 5/5 column (fast protein liquid chromatography, Pharmacia) was performed (30-mL gradient, 0-500 mM KC1 in buffer A; 0.5 mL/min flow rate) E. coli strain LC137 (htpR Zon rpsL supC tsx::tnlO) containing either pGEX-matCS or pGEX-preCS was grown at room temperature to A,,, = 1.0 in 5 L of Luria broth supplemented with 100 mg/L ampicillin and 15 mg/L tetracycline and harvested by centrifugation. Cells were broken by sonication in PBS buffer (Ausubel et al., 1992) containing 1 mM PMSF. The GST fusion proteins were purified from the crude extract using GSH Sepharose beads (Pharmacia).
Either the PBS-washed beads (0.5 mL) were treated directly with 1 pg of factor Xa (Boehringer-Mannheim) for 18 h at 4°C or proteins were eluted with 25 mM GSH followed by buffer exchange to buffer A over PD-10 columns (Pharmacia). Western blotting was performed essentially as described by Schaller et al. (1991b) .
Native Gel and Activity Stain
Protein samples in a total volume of 4 p L of loading buffer (50 mM Tris-HCI, pH 7.5, 10% glycerol, and 0.1% bromphenol blue) were loaded in each lane. Native PAGE Phastgels (8-25%, Pharmacia) were run at 400 V for 268 Vh at 5°C. Lanes containing 1 pg each of protein standard (ferritin, 440 kD; catalase, 232 kD; BSA, 67 kD; and ovalbumin, 43 kD) were stained using Coomassie brilliant blue G-250 (Ausubel et al., 1992) . The remaining gel was transferred to 2 mL of reaction buffer (50 mM triethanolamine, pH 8,2 mM DTT, 50 p~ FMN, 50 mM CaCl,, 320 p~ EPSP) and sealed in a polyethylene bag. The bag containing the gel was placed below a clear circulating water bath and the reaction was activated by illumination from above at 750 p E mp2 spl with a white incandescent lamp.
The gel was transferred to 1% ammonium molybdate for 10 min, followed by 10 min in a 0.5% solution of methyl green (Fluka) in 7% acetic acid. After staining, the gel was washed repeatedly in 10% 5-sulfosalicylic acid.
Gel Filtration
Chromatography was performed using a Superose 12 gel filtration column. CS (15 pg) in 100 pL of buffer A containing 150 mM KC1 was applied at a flow rate of 0.3 mL/min. Fractions of 0.3 mL were collected and assayed for CS activity using the coupled assay in the presence of anthranilate synthase (Schaller et al., 1990) .
Cross-Linking
Cross-linking of matCS was performed essentially as described by Lumsden and Coggins (1977) . After treatment, proteins were precipitated with deoxycholate/TCA, dissolved in loading buffer (50 mM Tris-HC1, pH 7.5, 0.1% SDS, 10% glycerol, 0.1% bromphenol blue), and separated by continuous SDS-PAGE (8%).
RESULTS

Deduced C. sempervirens CS Processing Site
For construction of vectors for expression of the mature CS, a portion of a C. sempervirens cDNA (Schaller et al., 1991a) was used that encodes the region C terminal to the putative transit peptide cleavage site. Since the N terminus of CS isolated from cell suspension of C. sempervirens has so far resisted attempts to sequence it, we have been compelled to make severa1 assumptions for prediction of the processing site for the mature enzyme. This prediction was based on the size of purified CS (42 kD) and on similarities of known plant CS sequences with a consensus sequence of known transit peptide cleavage sites (Gavel and von Heijne, 1990) . A summary of the deduced amino acid sequences of C. sempervirens and tomato CSs with homology to this consensus sequence is shown (Fig. 1) . For expression constructs discussed in this paper, preCS refers to the entire open reading frame, and matCS refers to sequences encoding amino acids Ser59 to Va1447 only from the C. sempervirens cDNA, pCSC91 (Schaller et al., 1991a) . (Gavel and von Heinje, 1990) and regions of similarity to all three known plant chorismate synthases from tomato (LeCS1 and LeCS2) and C. sempervirens. expressed in £. coli (strain LC137). The constructs encoding preCS and matCS were designated GST-preCS and GSTmatCS, respectively. The GST moiety allowed purification by affinity chromatography using GSH Sepharose beads. Bound fusion proteins were treated directly with factor Xa, which cleaves C-terminal to a four-amino acid recognition site, releasing preCS or matCS polypeptides. Each supernatant was then assayed for CS activity. Only the matCS was enzymatically active, whereas preCS and both fusion proteins, which had been eluted from the GSH beads with 25 mM GSH (data not shown), showed no detectable activity up to 5 /xg protein/reaction (the detection limit is 5 ng of purified matCS). The polypeptides, predicted masses, and specific activities are shown in Figure 2 . To confirm the presence of the desired protein products, various fractions were separated by SDS-PAGE and detected by Coomassie staining (Fig. 3A) and by immunoblotting, using antibodies raised against C. sempervirens CS (Fig. 3B) .
ence of 1 mM IPTG. As indicated, only the pTrc99a-matCS could complement the mutant by allowing growth on minimal medium, whereas the GST fusion constructs and pTrc99a-preCS could not (Fig. 4) .
Purification and Characterization of matCS Expressed in E. coli
Because of unacceptably low yields for the large-scale production of the matCS using the GST system, the pTrc99a-matCS construct was used. This construct was expressed in E. coli (strain JM109) cells that were grown at room temperature to A 600 = 1.0 and induced with 0.1 mM IPTG. After an additional 3 h, the cells were harvested and broken by sonication, and the resultant supernatant was used for further purification. Purification was achieved essentially as described for CS from C. sempervirens cell cultures (Schaller et al., 1990) ; however, the hydroxyapatite and blue-agarose chromatography steps were omitted. The 
Complementation of E. coli CS Mutant AB2849
As a more sensitive test to support the GST-fusion results, the GST constructs were expressed in the CS-deficient £. coli strain AB2849 (Pittard and Wallace, 1966) . Two additional constructs in the expression vector pTrc99a were made, which contained sequences encoding preCS and matCS fused translationally downstream from the vector start codon and designated pTrc99a-preCS and pTrc99a-matCS, respectively. The AB2849 cells containing individual constructs were grown in the presence of appropriate antibiotics on either Luria broth (Fig. 4, top) or M9 medium (Fig. 4, bottom) Comparison of precursor and mature CS activities using GST fusions. Purified fusion proteins along with preCS and matCS proteins after factor Xa treatment are shown after Coomassie staining (A) or western transfer from SDS-PAGE gels (10%) to nitrocellulose followed by detection using anti-CS (B). Lanes 1, 400 ng of purified matCS (pTrc99a-matCS) from E coli; lanes 2, GST-mCS fusion protein bound to GSH Sepharose beads; lanes 3, 50 ng of protein from the supernatant from GST-matCS-bound beads after factor Xa treatment; lanes 4, 500 ng of protein from the supernatant from GSTpreCS-bound beads after factor Xa treatment; lanes 5, GST-preCS fusion protein bound to GSH Sepharose beads.
www.plantphysiol.org on October 14, 2017 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. E. co//(stain AB2849), containing the lad represser plasmid pRep4, transfected with pGEX-3X-derived (pCEX-3X, pCEX-preCS, and pCEX-matCS) and pTrc99a-derived (pTrc99a, pTrc99a-preCS, and pTrc99a-matCS) constructs were plated on Luria broth (top) or minimal medium (bottom) in the presence of 1 rrtM IPTG (see "Materials and Methods").
matCS was purified to apparent homogeneity after a final purification over a Mono-Q column (see "Materials and Methods"). Based on specific activities of purified matCS from both C. sempervirens cultures and E. coli (60 nkat/mg), the crude lysate typically contained 1% CS (mg/mg) and final yield approached 30% (data not shown).
The N-terminal Met residue provided by the vector and required for translation initiation was found to be posttranslationally removed. By electrospray ion mass spectroscopy the precise molecular weight of 41,702 was found to be identical to the calculated mass without the N-terminal Met. Using the light-based FMN reduction assay (Schaller et al., 1991b) , the K m value for the substrate EPSP agreed well for matCS expressed in E. coli and CS purified from cell cultures, being 47.5 and 53 JUM, respectively. massie staining, a single band that co-migrates with a 232-kD catalase standard was detected, indicating a higherorder multimeric structure of CS. To test whether this band contained enzymatic activity, a newly developed in situ activity stain was used. After electrophoresis, the native gel was incubated for 1 h in a clear, heat-sealed bag with reaction cocktail (see "Materials and Methods"). FMN was reduced by continuous illumination of the gel with white light. In the presence of calcium, the free phosphate released during formation of chorismate was precipitated and then detected according to Cutting and Roth (1973) . A band was detected that corresponded to the Coomassiestained matCS. No methyl green staining was observed in the absence of EPSP (data not shown).
As a second method for quaternary structure determination, gel filtration was performed. Purified matCS protein was separated using a Superose 12 column with fast protein liquid chromatography, and fractions were assayed for activity (Fig. 6 ). Based on elution of protein standards, the value of 76 kD approximates the predicted molecular mass for the homodimer of 84 kD. CS activity was not detected in fractions corresponding to monomeric or other multimeric forms.
To resolve the discrepancy between gel filtration and native gel electrophoresis results, cross-linking analysis was done. CS was treated with either DMS (11-A spacer) or DMA (8.6-A spacer) as described in "Materials and Methods." Monomeric and cross-linked dimeric species are clearly visible after separation by SDS-PAGE and immunoblot detection using anti-CS antibodies (Fig. 7) (Schaller et al., 1991b) . The specificity of cross-linking independent of protein concentration indicates specific subunit associations. Species corresponding to a trimer and a tetramer can be weakly detected after treatment with DMS but not with DMA. Therefore, possible interaction between dimeric species could not be excluded. By expression in E. coli, a comparatively plentiful source of C, sempervirens CS of high purity was available without low molecular weight and immunologically cross-reactive contaminants (Schaller et al., 1990) . As a consequence, it was possible to confirm with greater sensitivity the oligomeric structure of CS. Initially, native gradient (8-25%) gel electrophoresis of matCS (Fig. 5) conserved among all known CSs (Gorlach et al., 1993) , deleterious consequences upon enzyme activity due to relatively large additions adjacent to this region are not surprising. At the plant level, we would conclude from these data that activity of plant CS, as defined by our assay conditions, is dependent on import into plastids. Any cytosolic CS, if present, would presumably also require specific proteolysis of the N-terminal transit peptide to become enzymatically active.
Biochemical Characterization of Plant CS
To extend previous studies of C. sempervirens CS, an abundant source of the enzyme was required. For this purpose a cDNA encoding the inferred mature CS polypeptide was expressed in £. coli. The expressed protein was purified and assayed for activity. With respect to substrate affinity and specific activity, the E. co/r-expressed plant enzyme is equivalent to the protein isolated from plant cell-suspension cultures.
Additional experiments to demonstrate more clearly the quaternary structure of plant CS were undertaken. Native gradient gel electrophoresis of matCS clearly showed only a single band migrating with an apparent molecular mass of 232 kD. CS activity was detectable within the gel using a newly developed in situ activity stain, thus indicating that a single multimeric CS species is indeed enzymatically active. The results using this technique, however, with respect to the molecular mass of native matCS must be viewed with caution, since charge, size, and shape of pro-
DISCUSSION Precursor Expression and Physiological and Biochemical Significance
Using a GST fusion system, it was possible to express and purify plant CS precursor protein from E. coli. After cleavage of the fusion protein with factor Xa, the released precursor protein was assayed and shown to be enzymatically inactive. In parallel, the GST-matCS fusion protein was activated by factor Xa cleavage, indicating both the inactivity of the precursor and the proper restoration of an active complex of the matCS after protease treatment. This is the first precursor of an enzyme in the shikimate pathway shown to be enzymatically inactive. In contrast, the precursors of both shikimate kinase and EPSP synthase have been shown to be enzymatically active (Della-Cioppa et al., 1986; Schmid et al., 1992) . All constructs possessing N-terminal extensions, i.e. pGST-matCS, pGST-preCS, and pTrc99a-preCS, were shown to be enzymatically inactive and unable to complement the CS-deficient E. coli strain AB2849. This argues that the N-terminal region of the mature polypeptide is critical for activity. These N-terminal additions could block necessary subunit interactions or could lead to improper folding of the polypeptide. Since the N-terminal region of the mature polypeptide is highly 
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•" i zi. Cross-linking experiments were undertaken and indicated the existence of a dimeric matCS species, in contrast to both Neurospora crassa and E. coli CSs, which are apparent tetramers under similar cross-linking conditions (White et al., 1988) . Not shown in previous cross-linking studies (Schaller et al., 1990) , these results were independent of spacer lengths tested and of protein concentration over a range of 12.5 to 100 pg/mL. These protein concentrations are substantially above those at which it has been suggested that E. coli CS exists as an enzymatically inactive dimer (<2 pg/mL) (Ramjee et al., 1994) . Still, an inactive, artifactual dimeric species may have resulted due to the conditions used for cross-linking. However, because of the gel filtration data, where no activity was detected in fractions corresponding to other than a dimeric species, an active, dimeric CS species is favored. This is in agreement with the previous conclusions of Schaller et al. (1990) .
The physiological significance of differing subunit values is still unclear. There appears to be rather diverse subunit complexity of CS among various species. Bacillus subtilis CS co-purifies as a tri-functional complex of CS, flavin reductase, and 3-dehydroquinate synthase (Hasan and Nester, 1978) . In Euglena gracilis, flavin reductase activity co-purifies with CS, but does not appear to be an integral component of CS based on molecular weight considerations (Schaller et al., 1991b) . The unique dimeric nature of C. sempervirens CS among CSs isolated from other species could be a consequence of interactions between CS and a putative flavin reductase activity present in the plastid.
With a more plentiful source of C. sempervirens CS we hope to be able to better address biochemical properties of a plant CS. The unique plastidic milieu and interactions with as yet unknown flavin-reducing components within this compartment are particularly interesting aspects. Combined with recent expression data from tomato CS, we hope to be able to create a more complete picture of CS regulation and its role in the overall shikimate pathway.
